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1
METHOD FOR SELECTIVE SEPARATION
OF MONOVALENT IONIC SPECIES USING
ELECTRODES FUNCTIONALIZED WITH
SULFONIC GROUPS

FIELD OF THE INVENTION

The present invention relates to a method for selective
separation of ionic species from an ionic solution, the
method utilizing an electrode capacitor assembly compris-
ing carbon electrodes modified with sulfonic groups.

BACKGROUND OF THE INVENTION

Selective water treatment, which removes more problem-
atic ions preferentially over others, is an important goal
towards next generation, energy efficient water treatment
systems. For example, a common issue in agricultural irri-
gation water is high sodium content, which damages soil and
reduces crop yields. Dominant contemporary water treat-
ment technologies, which are membrane-based and include
reverse osmosis (RO), filter out ionic species according to
their size and ionic charge. Chemical precipitation uses
materials that bind to specific compounds, which then pre-
cipitate out of water. In capacitive deionization (CDI), an
applied electrical potential difference between two porous
electrodes drives ions from the water into the pore spaces,
where they are held electrostatically, thereby accomplishing
desalination.

Capacitive deionization is a membraneless water treat-
ment technology which is promising for selective ion
removal. Typical CDI operation involves applying a con-
stant voltage or current between two electrodes, which are
often inexpensive and widely available activated carbons, in
the presence of a feed stream. The electric field applied to
the system causes the ions in the feed stream to electromi-
grate into the electrodes, where they are stored electrostati-
cally in electric double layers (EDLs) formed in electrode
nanopores. Once fully charged, the electrodes are regener-
ated electrically, by either short-circuiting or by reversing
the applied current, and the discharged ions are released
from the EDLs to form a concentrated brine waste stream.
CDI has been identified as a highly promising emerging
water treatment technology for brackish water desalination
and ion selective separations, but a major bottleneck to
widespread deployment is short electrode lifetime. A major
cause of electrode degradation are Faradaic side-reactions
which oxidize the anode and reduce dissolved oxygen at the
cathode. In addition to activated carbons, alternate electrode
materials rely on intercalation processes and conversion
reactions to deionize water are currently under investigation.
Relative to capacitive materials, these materials enable
higher salt storage per charge but typically allow for less
energy recovery, and generally suffer from higher electrode
capital costs.

In activated carbon CDI electrodes, a number of ion
properties have been found to influence selectivity, such as
valence, hydrated size, hydration shell energy and structure,
and bulk concentration. Numerical and computational meth-
ods such as molecular dynamics and Monte Carlo simula-
tions are useful for deeply probing equilibrium nanopore
selectivity mechanisms but are difficult to integrate into
cell-level models capturing system dynamics. In contrast,
the modified Donnan (mD) model for nanopore EDLs at
equilibrium is widely used to model selectivity in CDI, as it
is a relatively simple analytical formulation, can be fit
readily to experimental data, and easy to integrate into a
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cell-level dynamic model. However, equilibrium models are
insufficient to fully characterize dynamic selectivity pro-
cesses, as it is well-known that during charging in competi-
tive ionic environments, monovalent ions are initially pre-
ferred but are gradually exchanged with divalent ions in the
electrode nanopores as the system approaches equilibrium.
Seo et al. observed the dynamic replacement of Na* by Mg>*
and Ca** during a CDI cycle (Seo, S. I.; Jeon, H.; Lee, . K.;
Kim, G. Y.; Park, D.; Nojima, H.; Lee, J.; Moon, S. H.
Investigation on Removal of Hardness lons by Capacitive
Deionization (CDI) for Water Softening Applications. Water
Res. 2010, 44 (7), 2267-2275). Zhao et al. found Na* and
Ca®* were initially stored in proportion to their bulk con-
centrations, yet Ca®* replaced Na* at longer times, and both
ions approached equilibrium values predicted by modified
Donnan theory after 5 hours charging (Zhao, R.; van Soest-
bergen, M.; Rijnaarts, H. H. M.; van der Wal, A.; Bazant, M.
Z.; Biesheuvel, P. M. Time-Dependent Ion Selectivity in
Capacitive Charging of Porous Electrodes. J. Colloid Inter-
face Sci. 2012, 384 (1), 38-44), where other dynamic models
were utilized for selectivity analysis considering other EDL
models. Furthermore, Choi et al. observed short cycle time
and high charging voltage increase monovalent ion removal
relative to divalent ion removal (Choi, J.; Lee, H.; Hong, S.
Capacitive Deionization (CDI) Integrated with Monovalent
Cation Selective Membrane for Producing Divalent Cation-
Rich Solution. Desalination 2016, 400, 38-46). Thus, con-
necting between equilibrium nanopore models and cell-level
dynamic models is important to fully explore and synergize
between parallel ion selectivity mechanisms in CDI.

WO 2020/049559 to some of the inventors of the present
invention is directed to a method for selective separation of
ionic species from an ionic solution based on said species’
ionic hydrated size, the method comprising, inter alia, pass-
ing an ionic solution comprising ions having distinct
hydrated sizes, through an electrode capacitor assembly
comprising at least one carbon-based electrode which is
modified with negatively or positively charged surface
groups, including, sulfonate groups.

Electrode morphology and surface chemistry strongly
influence selectivity in carbon electrodes. Techniques to
enhance selectivity broadly follow two main approaches,
physical tuning of nanopore size and chemical surface
functionalization. Regarding the former approach, suffi-
ciently narrow pores allow small ions to enter while larger
ions are physically excluded, an effect known as ion sieving.
Regarding the latter approach, chemically deposited surface
functional groups have been shown to improve selective
removal in CDI by enhancing size-based exclusion effects,
and by binding preferentially to specific ions like NO;™ and
Pb**. Furthermore, functional groups have been shown to
increase salt adsorption capacity, cell charge efficiency, and
long-term cycling stability. Surface functional groups
behave as either acids or bases and exhibit either weak or
strong dissociation behavior. While weak-acid groups have
been shown to enhance selectivity, their dependence on local
pH conditions can lead to performance greatly affected by
variations in incoming feed pH (Hemmatifar, A.; Oyarzun,
D. L.; Palko, J. W.; Hawks, S. A.; Stadermann, M.; Santiago,
J. G.; Engineering, M. Equilibria Model for PH Variations
and Ion Adsorption in Capacitive Deionization Electrodes.
Water Res. 2017, 122, 387-397). Group stability is also
critical, as significant loss of chemical surface charge in
electrodes functionalized with weak-acid groups was
observed after only a few charge-discharge cycles.

Sulfonation has been shown to improve charge efficiency
(Min, B. H.; Choi, J.-H.; Jung, K. Y. Improved Capacitive



US 12,012,342 B2

3

Deionization of Sulfonated Carbon/Titania Hybrid Elec-
trode. Electrochim. Acta 2018, 270, 543-551; Qian, B.;
Wang, G.; Ling, Z.; Dong, Q.; Wu, T.; Zhang, X.; Qiu, J.
Sulfonated Graphene as Cation-Selective Coating: A New
Strategy for High-Performance Membrane Capacitive
Deionization. Adv. Mater. Interfaces 2015, 2 (16), 1500372),
adsorption capacity Jia, B.; Zou, L. Wettability and Its
Influence on Graphene Nansoheets as Electrode Material for
Capacitive Deionization. Chem. Phys. Lett. 2012, 548,
23-28; Lee, J.-Y.; Seo, S.-J.; Yun, S.-H.; Moon, S.-H.
Preparation of Ion Exchanger Layered Electrodes for
Advanced Membrane Capacitive Deionization (MCDI).
Water Res. 2011, 45 (17), 5375-5380), and pore wettability
(Yan, T.; Xu, B.; Zhang, J.; Shi, L..; Zhang, D. Ion-Selective
Asymmetric Carbon Electrodes for Enhanced Capacitive
Deionization. RSC Adv. 2018, 8 (5), 2490-2497; Park, H. R.;
Choti, J.; Yang, S.; Kwak, S. J.; Jeon, S. Il; Han, M. H.; Kim,
D. K. Surface-Modified Spherical Activated Carbon for
High Carbon Loading and Its Desalting Performance in
Flow-Electrode Capacitive Deionization. RSC Adv. 2016, 6
(74), 69720-69727), in lab-scale tests on feedwaters con-
taining solely NaCl. However, the effect of sulfonic groups
on ion selective removal, and its long-term stability upon
CDI cell charge-discharge cycling has not been explored to
the inventors’ best knowledge.

There remains, therefore, an unmet need for CDI-based
methods of monovalent ion separation, which would allow
energy efficient operation and ensure long-term stability of
the system components.

SUMMARY OF THE INVENTION

The present invention provides a method for selective
separation of ionic species from an ionic solution. The
method comprises, inter alia, passing an ionic solution
comprising ions having distinct sizes (e.g., monovalent and
polyvalent ions), through an electrode capacitor assembly
comprising a carbon-based electrode which is functionalized
with sulfonic surface groups. Specific operation parameters
of the electrode capacitor assembly can be utilized in order
to further enhance the selective monovalent ion removal
from the ionic solution as compared to the removal of
polyvalent species. The present method is therefore particu-
larly useful in selective monovalent pollutant removal from
water and other electrolytic streams, for example reducing
relative sodium content in agricultural irrigation water.
Advantageously, the selective separation method of the
present invention provides stable long-term and energy
efficient CDI operation.

The present invention is based in part on an unexpected
finding that the use of carbon electrodes functionalized with
sulfonic groups resulted in enhanced monovalent ion sepa-
ration at relatively short full cycle times (FCT) and, in
particular, short charging times. Due to the promising results
obtained with short cycle times, the inventors extended the
charging voltage window to further reduce sodium adsorp-
tion ratio (SAR) and conductivity of the treated water. It was
surprisingly discovered that increasing the charging voltage
to 1.5, 2, and 2.5 V with a 6 min FCT (which is 3 minutes
charging time and about 0.5 scaled charging time) resulted
in a SAR of 14 and conductivity of 0.81 mS/cm at 2.5V, a
decrease of 6 SAR units and a ~54% conductivity reduction
from the feed solution. Furthermore, a 2"¢ pass of product
water from the 1.2 V and 6 min FCT experiment resulted in
an even lower SAR of 13.3 and conductivity of 0.69 mS/cm.
The inventors have demonstrated a CDI utilizing a
sulfonated electrode, which could be operated for at least
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1000 full charge-discharge cycles, which, to the inventors’
best knowledge, is more than performed by any demon-
strated CDI device up to date.

According to a first aspect, there is provided a method for
selective separation of monovalent ionic species from an
ionic solution, the method comprising: (a) passing the ionic
solution comprising a positively charged monovalent ion
and a positively charged polyvalent ion, through an elec-
trode capacitor assembly comprising: a first electrode and a
second electrode, said electrodes comprising nanoporous
carbon, wherein the first electrode is modified with sulfonate
surface groups; and at least one flow channel for the passage
of the solution; and (b) charging the electrode capacitor
assembly: (1) at a voltage of at least about 1.5 V; and/or (2)
for a scaled charging time of less than about 2, thereby
providing enhanced adsorption of the positively charged
monovalent ion in the first electrode as compared to the
adsorption of the positively charged polyvalent ion.

According to certain embodiments, step (b) comprises
charging the electrode capacitor assembly: (1) at a voltage of
at least about 1 V and (2) for a scaled charging time of less
than about 2.

According to certain embodiments, step (b) comprises
charging the electrode capacitor assembly: (1) at a voltage of
at least about 2.5 V; and/or (2) for a scaled charging time of
less than about 0.5.

According to some embodiments, the method further
comprises step (c) comprising discharging the electrode
capacitor assembly at a voltage of about 0 V. In some
embodiments, steps (b) and (c) are performed for the same
duration of time.

According to some embodiments, steps (a) and (b) are
repeated for at least about 1000 cycles. According to some
embodiments, steps (a) and (b) are repeated until conduc-
tivity of the ionic solution reaches dynamic steady-state
behavior.

According to some embodiments, the method is per-
formed without flushing the electrode capacitor assembly,
thereby further reducing conductivity and sodium adsorp-
tion ratio (SAR) of the ionic solution.

According to some embodiments, the method further
comprises flushing the electrode capacitor assembly, thereby
further increasing charge efficiency, ion adsorption, and
productivity of the electrode capacitor assembly.

According to some embodiments, step (a) comprises
continuously passing the ionic solution through the elec-
trode capacitor assembly.

According to some embodiments, step (a) comprises
passing the ionic solution with water productivity ranging
from about 5 L/m® hr to about 500 L/m hr.

According to some embodiments, the first electrode is
further modified with sulfate surface groups.

According to some embodiments, the first electrode com-
prises negative chemical surface charges of between about
-1.25 to -2.5 M at a pH range between about 3 and 10.

According to some embodiments, the first electrode has a
specific nanopore volume of at least about 0.25 ml./g and/or
a mean pore diameter ranging from about 0.5 to about 2 nm.

According to some embodiments, the nanoporous carbon
is selected from the group consisting of activated carbon,
carbon black, graphitic carbon, carbon fibers, carbon micro-
fibers, carbon aerogel, fullerenic carbon, carbon nanotubes
(CNTs), graphene, carbide, carbon onions, carbon paper, and
any combination thereof.

In some exemplary embodiments, the first electrode com-
prises activated carbon which is modified with sulfonate
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surface groups and the second electrode comprises activated
carbon, which is not chemically modified.

According to some embodiments, the positively charged
monovalent ion is selected from the group consisting of Na*,
Li*, K*, Au*, Ag*, Cu", and combinations thereof. Accord-
ing to some embodiments, the positively charged polyvalent
ion is selected from the group consisting of: Ca**, Mg>*,
Fe2+, Fe3+, Pb2+, Hg2+, Cd2+, In3+, Ru3+, Ru4+, Zn2+, C02+,
Co™, Pt**, Pt*, Au®*, Sn™, Sn**, Cu?*, and combinations
thereof. According to certain embodiments, the positively
charged monovalent ion is sodium ion (Na*) and the posi-
tively charged polyvalent ion is calcium ion (Ca®*).

According to some embodiments, the at least one flow
channel is formed by at least one of a separator, membrane,
gasket, spacer, and salt bridge. According to further embodi-
ments, the electrode capacitor assembly further comprises a
first current collector and a second current collector, wherein
the first electrode is positioned between the first current
collector and the flow channel, and the second electrode is
positioned between the flow channel and the second current
collector.

According to some embodiments, the first electrode, the
second electrode, or both comprise a flowable nanoporous
carbon electrode in the form of a suspension and/or a
fluidized bed electrode.

According to some embodiments, the ionic solution flows
into the flow channel directly through the first electrode,
wherein the flow within the flow channel is configured
orthogonally to an electrode surface plane.

According to some embodiments, the electrode capacitor
assembly is in electrical communication with a power sup-
ply, wherein during operation said power supply is config-
ured to apply electrical potential or to supply electric charge
to the first and the second electrodes.

According to some embodiments, the electrode capacitor
assembly is a part of an agricultural irrigation system,
wastewater treatment system, brackish water desalination
system or chemical reactor.

According to some embodiments, the water desalination
system is configured in a form of a Capacitive Deionization
(CDI) system or a Membrane Capacitive Deionization Sys-
tem (MCDI).

In another aspect, there is provided a method for selective
separation of monovalent ionic species from an ionic solu-
tion, the method comprising: (a) passing the ionic solution
comprising a positively charged monovalent ion and a
positively charged polyvalent ion through an electrode
capacitor assembly comprising: a first electrode and a sec-
ond electrode, said electrodes comprising nanoporous car-
bon, wherein the first electrode is modified with sulfonate
surface groups; and at least one flow channel for the passage
of the solution; and (b) charging the electrode capacitor
assembly for a charge time of less than about 10% of the
time required to reach conductivity equilibrium, thereby
providing enhanced adsorption of the positively charged
monovalent ion in the first electrode as compared to the
adsorption of the positively charged polyvalent ion.

It is to be understood that any combination of each of the
aspects and the embodiments disclosed herein is explicitly
encompassed within the disclosure of the present invention.

Further embodiments and the full scope of applicability of
the present invention will become apparent from the detailed
description given hereinafter. However, the detailed descrip-
tion and specific examples, while indicating preferred
embodiments of the invention, are given by way of illustra-
tion only, since various changes and modifications within the
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spirit and scope of the invention will become apparent to
those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE FIGURES

Some embodiments of the invention are described herein
with reference to the accompanying figures. The description,
together with the figures, makes apparent to a person having
ordinary skill in the art how some embodiments may be
practiced. The figures are for the purpose of illustrative
description and no attempt is made to show structural details
of an embodiment in more detail than is necessary for a
fundamental understanding of the invention. For the sake of
clarity, some objects depicted in the figures are not to scale.

FIG. 1A: Schematic cross-sectional view of the electrode
capacitor assembly and the ionic solution, in accordance
with some embodiments of the invention.

FIG. 1B: Schematic cross-sectional view of the macro-
scopic structure of the carbon electrode modified with
sulfonic groups of the electrode capacitor assembly of FIG.
1A, during operation.

FIG. 1C: Schematic cross-sectional view of the CDI
system comprising the electrode capacitor assembly of FIG.
1A, in accordance with some embodiments of the invention.

FIG. 2A: Nitrogen gas sorption isotherms for pristine and
sulfonated electrodes.

FIG. 2B: Horvath-Kawazoe pore volume distributions for
slit pore geometry.

FIG. 3: Measured Transmission Fourier Transform Infra-
red (FTIR) spectra for a pristine, as-received electrode and
an electrode after sulfonation.

FIGS. 4A-4B: Experimental and fitted titration curves for
the pristine electrode (FIG. 4A) and the sulfonated electrode
(FIG. 4B), wherein grey solid lines represent experimental
data, black solid lines represent experimental blank titration,
and dashed lines represent fitting.

FIG. 4C: Measured nanopore chemical charge concentra-
tion of the electrodes of FIG. 3 determined from fitting
results of acid-base titrations to a nanopore electric double
layer (EDL) model.

FIG. 5A: Separation factor for the pristine-pristine (P-P,
labeled by full symbols) and sulfonate-modified-pristine
(S-P, labeled by empty symbols) electrode capacitor assem-
blies for full cycle times (FCTs) of 6 min (labeled by right
pointing triangle symbol), 15 min (labeled by snowflake
symbols), and 30 min (labeled by left-pointing triangle
symbols).

FIGS. 5B-5D: Desalinated water quality for the P-P
(labeled by full symbols) and S-P (labeled by empty sym-
bols) electrode capacitor assemblies for FCT of 30 min
(FIG. 5B), 15 min (FIG. 5C), and 6 min (FIG. 5D), obtained
at different charging voltages (0.4V—Iabeled by circles,
0.6V—Ilabeled by up-pointing triangles), 0.8V—Iabeled by
squares, 1.0V—Iabeled by down-pointing triangles, and
1.2V—Ilabeled by diamonds), wherein feed conditions are
represented by dashed horizontal and vertical lines.

FIGS. 6A-6D: CDI Ragone (Kim-Yoon) plots at the limit
cycle, no-flush operation obtained at different charging
voltages (0.4V—Ilabeled by circles, 0.6V—Iabeled by up-
pointing triangles), 0.8V—Ilabeled by squares, 1.0V—Ia-
beled by down-pointing triangles, and 1.2V—Ilabeled by
diamonds), including P-P Na™ (FIG. 6A), S-PNa* (FIG. 6B),
P-P Ca** (FIG. 6C), and S-P Ca** (FIG. 6D).

FIGS. 7A-7B: Performance comparison of no-flush and
flush modes for extended voltage window operation in the
S-P cell., wherein FIG. 7A shows output water SAR and
conductivity (wherein 1.2V is labeled by diamonds, 1.5V is
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labeled by stars, 2V is labeled by snowflakes, and 2.5V is
labeled by triangles), and FIG. 7B shows Coulombic effi-
ciency (labeled by circles) and charge efficiencies (labeled
by triangles), wherein empty symbols represent no-flush and
full symbols represent flush conditions.

FIGS. 8A-8B: Energy input requirements and thermody-
namic efficiency, wherein P-P electrode capacitor assembly
is labeled by circles, S-P electrode capacitor assembly is
labeled by triangles, symbol color indicates the product
water pH., FIG. 8A shows energy input per unit output
water, wherein its inset shows a fraction of energy use lost
to resistive dissipation vs. separation ratio (marker color
does not correspond to pH), and FIG. 8B shows thermody-
namic efficiency.

FIG. 9: Output SAR and coulombic efficiency for 1000-
cycle experiment at 1.2 V and 6 min FCT, S-P electrode
capacitor assembly.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a method for selective
separation of ionic species from an ionic solution, prefer-
ably, monovalent ions, through an electrode capacitor
assembly comprising a carbon-based electrode which is
functionalized with sulfonic surface groups. The present
invention is based in part on a breakthrough discovery that
sulfonated electrodes can be advantageously utilized in
monovalent selective CDI systems, which simultaneously
reduce feed conductivity and SAR, while also being stable
over 1000 charge-discharge cycles. It was shown by the
inventors that using carbon electrodes functionalized with
sulfonic groups enhances monovalent selectivity at short
charging times over pristine electrodes, manifested by
enhanced reduction to both the SAR and feedwater conduc-
tivity. Moreover, it was demonstrated that short charging
times enable charging the cell at extended voltage windows
(up to 2.5 V), well beyond those where electro-corrosion of
the anode normally occurs. The high voltage operation was
shown to lead to further reductions in conductivity and SAR,
while maintaining a Coulombic efficiency greater than 90%,
indicating a low rate of Faradaic side-reactions. Addition-
ally, flush and no-flush CDI operation in the extended
voltage range were compared, showing that despite gains in
productivity and charge efficiency achieved with flushing,
desalinated water SAR and conductivity increase relative to
no-flush operation. Accordingly, the electrode capacitor
assembly operating conditions can be further fine-tuned in
order to achieve the desired parameters of the treated water
or the treatment process efficiency. Furthermore, a cell with
sulfonated cathode was cycled 1000 times at 1.2 V during
charging, and showed no appreciable degradation, but rather
achieved yet-lower effluent SAR with increasing cycle num-
ber.

In one aspect, there is provided a method for selective
separation of ionic species from an ionic solution based on
said species ionic hydrated size, the method comprising: (a)
passing the ionic solution comprising at least a first posi-
tively charged ion and a second positively charged ion
having distinct hydrated sizes, through an electrode capaci-
tor assembly comprising a first electrode and a second
electrode, said electrodes comprising carbon, wherein the
first electrode is modified with sulfonate surface groups, and
at least one flow channel for the passage of the solution; and
(b) applying an electric potential or charge to the first and the
second electrodes, thereby providing enhanced adsorption of
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the first positively charged ion in the first electrode as
compared to the adsorption of the second positively charged
ion.

In some embodiments, the first positively charged ion is
a monovalent ion and the second positively charged ion is a
polyvalent ion. Without wishing to being bound by theory or
mechanism of action, it is contemplated that the surface
and/or the nanoporous structure of the first electrode is able
to adsorb more selectively monovalent ions (having a single
charge) than polyvalent ions (having multiple charges), such
as, for example, divalent or trivalent ions. In some related
embodiments, the method of selective separation of ionic
species from an ionic solution provides an ionic solution,
which is enriched in positively charged polyvalent ions
relatively to positively charged monovalent ions, following
the separation process.

The terms “positively charged ion” and “cation” can be
used interchangeably.

According to another aspect, there is provided a method
for selective separation of monovalent ionic species from an
ionic solution, the method comprising: (a) passing the ionic
solution comprising a positively charged monovalent ion
and a positively charged polyvalent ion, through an elec-
trode capacitor assembly comprising a first electrode and a
second electrode, said electrodes comprising carbon,
wherein the first electrode is modified with sulfonate surface
groups, and at least one flow channel for the passage of the
solution; and (b) charging the electrode capacitor assembly
at a voltage of at least about 1.5 V, thereby providing
enhanced adsorption of the positively charged monovalent
ion in the first electrode as compared to the adsorption of the
positively charged polyvalent ion.

According to yet another aspect, there is provided a
method for selective separation of monovalent ionic species
from an ionic solution, the method comprising: (a) passing
the ionic solution comprising a positively charged monova-
lent ion and a positively charged polyvalent ion, through an
electrode capacitor assembly comprising a first electrode
and a second electrode, said electrodes comprising carbon,
wherein the first electrode is modified with sulfonate surface
groups, and at least one flow channel for the passage of the
solution; and (b) charging the electrode capacitor assembly
for a full cycle time of less than about 15 min or for a scaled
charging time of less than about 2, thereby providing
enhanced adsorption of the positively charged monovalent
ion in the first electrode as compared to the adsorption of the
positively charged polyvalent ion.

According to still another aspect, there is provided a
method for selective separation of monovalent ionic species
from an ionic solution, the method comprising: (a) passing
the ionic solution comprising a positively charged monova-
lent ion and a positively charged polyvalent ion, through an
electrode capacitor assembly comprising a first electrode
and a second electrode, said electrodes comprising carbon,
wherein the first electrode is modified with sulfonate surface
groups, and at least one flow channel for the passage of the
solution; and (b) charging the electrode capacitor assembly
at a voltage of at least about 1.5 V for a full cycle time of
less than about 15 min or for a scaled charging time of less
than about 2, thereby providing enhanced adsorption of the
positively charged monovalent ion in the first electrode as
compared to the adsorption of the positively charged poly-
valent ion.

According to yet another aspect, there is provided a
method for selective separation of monovalent ionic species
from an ionic solution, the method comprising: (a) passing
the ionic solution comprising a positively charged monova-
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lent ion and a positively charged polyvalent ion, through an
electrode capacitor assembly comprising: a first electrode
and a second electrode, said electrodes comprising nanop-
orous carbon, wherein the first electrode is modified with
sulfonate surface groups; and at least one flow channel for
the passage of the solution; and (b) charging the electrode
capacitor assembly: (1) at a voltage of at least about 1.5 V;
and/or (2) for a scaled charging time of less than about 2,
thereby providing enhanced adsorption of the positively
charged monovalent ion in the first electrode as compared to
the adsorption of the positively charged polyvalent ion.

In still another aspect, there is provided a method for
selective separation of monovalent ionic species from an
ionic solution, the method comprising: (a) passing the ionic
solution comprising a positively charged monovalent ion
and a positively charged polyvalent ion, through an elec-
trode capacitor assembly comprising: a first electrode and a
second electrode, said electrodes comprising nanoporous
carbon, wherein the first electrode is modified with sulfonate
surface groups; and at least one flow channel for the passage
of the solution; and (b) charging the electrode capacitor
assembly for a charge time of less than about 10% of the
time required to reach conductivity equilibrium, thereby
providing enhanced adsorption of the positively charged
monovalent ion in the first electrode as compared to the
adsorption of the positively charged polyvalent ion.

The term “sulfonate” group (also termed herein “sulfonic”
group) refers to the group —O—S(—0),-R, where R can be
selected from C, C—O, S, N, P, H, substituted or unsubsti-
tuted alkyl, aryl, alkenyl, alkynyl, and/or alkoxy moieties
which may be linear, branched, or cyclic, and substituted or
unsubstituted aryl and/or heteroaryl moieties.

The term “sulfonate surface group” refers to a sulfonate
group present on the surface of the first electrode or, more
particularly on the surface of the nanoporous carbon of the
first electrode or on the nanoporous carbon sites, which are
accessible to the ionic solution. The sulfonate groups can be
bound to the surface of the first electrode via atoms present
on the nanoporous carbon surface, such as, but not limited
to carbon atoms (C), oxidized carbon atoms (C—O), sulfur
atoms (S), nitrogen atoms (N), and (phosphorous atoms (P).
In some embodiments, the sulfonate group is bound to the
surface of the first electrode through R, which is selected
from the group consisting of C, C—O, S, N, P, and combi-
nations thereof. It is to be understood that when sulfonate
groups are bound via oxidized carbon atoms (i.e., wherein R
is C—0), the first electrode is modified by sulfate groups
(—O0—S(=0),—0—C). The term “sulfonate surface
groups”, as used herein, is therefore also meant to encom-
pass sulfate surface groups. The atoms through which the
sulfonate surface groups are attached to the electrode surface
may depend on the purity levels of the nanoporous carbon.
Preferably, the sulfonate groups are bound to the atoms,
which are present on the nanoporous carbon surface, via
covalent bonds.

It has been found by the inventors of the present inven-
tion, that while pristine carbon is mildly charged with a
significant pH dependence of the measured chemical charge,
indicating the presence of uniquely weak acidic (mostly
carboxyl) and basic functional groups, the sulfonated nan-
oporous carbon is strongly negatively charged, indicating a
significant strong acid behavior, which is stable in a wide pH
range and at high operating voltages. Without wishing to
being bound by theory or mechanism of action, it is con-
templated that the stable negative charge of the sulfonated
electrodes affords for the high efficiency of the present
selective separation method, which employs short FCT and
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high charging voltage. Accordingly, in some embodiments,
the first electrode is modified with sulfonate surface groups
which are not pH dependent. According to further embodi-
ments, the first electrode comprises negative chemical sur-
face charges of at least about —1.25 M at a pH range between
about 3 and 10. According to still further embodiments, the
first electrode comprises negative chemical surface charges
of'at least about -2 M at a pH range between about 3 and 10.
According to further embodiments, the first electrode com-
prises negative chemical surface charges between about
-1.25 M to -2.5 M at a pH range between about 3 and 10.

In some embodiments, the first electrode does not contain
a significant amount of carboxyl groups, as it is modified by
sulfonate surface groups and/or sulfate surface groups. In
further embodiments, the first electrode includes less than
about 10% carboxyl groups out of the total concentration of
its surface functional groups. In yet further embodiments,
the first electrode includes less than about 5% carboxyl
groups out of the total concentration of its surface functional
groups. In still further embodiments, the first electrode
includes less than about 1% carboxyl groups out of the total
concentration of its surface functional groups.

In some embodiments, at least about 90% of the surface
coverage by sulfonate surface groups and/or sulfate surface
groups of the first electrode is retained following at least 100
cycles of operation of the electrode capacitor assembly.

The first electrode can be modified by sulfonate surface
groups, for example, by exposing the nanoporous carbon to
concentrated sulfuric acid (H,S0,). In some embodiments,
the first electrode is modified by sulfonate surface groups by
immersing the nanoporous carbon into 20% sulfuric acid for
about 12-36 hours. In some embodiments, the modification
process further includes exposing the treated carbon to an
organic solvent, e.g., hexane, followed by exposing the
carbon to deionized water. The temperature of the deionized
water can range from about 0° C. to about 50° C. In some
embodiments, the treated carbon is exposed to at least one
portion of water, which has a temperature of about 0° C. and
to at least one portion of water which has a temperature of
about 25° C. The treated carbon can be exposed to each
portion of the deionized water for from about 1 minute to
about 5 hours.

According to some embodiments, the first electrode com-
prising carbon is sulfonated by immersing said electrode in
sulfuric acid. According to some embodiments, the first
electrode comprising carbon is sulfonated by immersing said
electrode in nitric acid at a temperature ranging from about
20° C. to about 100° C. and then into sulfuric acid. In some
embodiments, the temperature of nitric acid ranges from
about 50° C. to about 100° C. In certain embodiments, the
temperature of nitric acid is 80° C.

According to some embodiments, the first electrode com-
prising carbon is sulfonated with diazonium salt of sulfanilic
acid, as detailed, for example, in U.S. Pat. No. 7,294,185,
which is incorporated by reference herein in its entirety.

As disclosed hereinabove, the first and the second elec-
trodes of the electrode capacitor assembly comprise carbon
and have a pore structure comprising nanopores (also termed
herein “nanoporous carbon”). The term “nanopores™, as
used herein, refers to pores with apertures up to around 100
nm. According to their size, the nanopores are classified as
follows: Micropores-pores with diameter of less than 2 nm.
Mesopores pores with diameter between 2 and 50 nm.
Micropores-pores with diameter above 50 nm. The nanopo-
res can be utilized as storage pores, for the adsorption of
specific ionic species from the ionic solution.
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As used herein, the terms “diameter” or “width” may be
used interchangeably, and they refer to the length of the pore
in the longest dimension thereof. The pores can have a shape
selected from spherical, non-spherical, slit-shaped, polygon
shapes, and combinations thereof.

In some embodiments, the nanopores of the first and/or
the second electrodes have a mean pore diameter of below
about 2 nm. In further embodiments, the nanopores have a
pore diameter of below about 1.5 nm. In still further embodi-
ments, the nanopores have a pore diameter of below about
1 nm. In some embodiments, the nanopores of the electrodes
have a mean pore diameter ranging from about 0.5 nm to
about 2 nm. In further embodiments, the nanopores of the
electrodes have a mean pore diameter ranging from about
0.7 nm to about 2 nm.

The term “carbon”, as used herein refers to different types
of carbonaceous materials, including inter alia, activated
carbon, carbon black, graphitic carbon, carbon fibers, carbon
microfibers, carbon aerogel, carbon nanotubes (CNTs), gra-
phene, carbide, carbon-based nanostructures such as fuller-
enic carbons or carbon onions, carbon paper and any com-
bination thereof. The carbon fibers and/or microfibers can be
woven into larger carbon filaments, fabrics, cloth or sheets.
The carbon paper can comprise carbon microfibers woven
into flat sheets. In certain embodiments, the first electrode
and the second electrode comprise activated carbon. In
further embodiments, the first electrode and the second
electrode comprise activated carbon fibers. In still further
embodiments, the first electrode and the second electrode are
in a form of an activated carbon cloth.

According to some embodiments, the first electrode, the
second electrode or both have a thickness ranging from
about 10 pum to about 10 mm. In further embodiments, the
first electrode, the second electrode or both have a thickness
ranging from about 100 um to about 1 mm. In still further
embodiments, the first electrode, the second electrode or
both have a thickness ranging from about 250 pum to about
750 pm. In certain embodiments, the first electrode, the
second electrode or both have a thickness of about 600 um.

The first electrode, the second electrode, or both can
comprise intercalation and/or redox-active materials
blended with carbon. As used herein, the term “intercala-
tion” refers to a reversible insertion of cations or anions into
sites within the solid electrode material. A non-limiting
example of a suitable intercalation-active material is graph-
ite, which allows intercalation of potassium ions and/or
lithium ions. Non-carbonaceous intercalation materials can
be selected from sodium manganese oxide (NMO), transi-
tion metal hexacyanoferrates (MHCFs), two-dimensional
(2D) transition metal carbides, carbonitrides and nitrides
(MXenes), or molybdenum sulfide. Non-limiting examples
of redox-active electrode materials include silver metal (for
the Ag/AgCl redox reaction), sodium iron phosphate, two-
dimensional layered titanium disulfide, bismuth-BiOCl, and
metal oxychlorides such as VOCI and FeOCl. Additional
information on the redox active materials suitable for use in
combination with carbon-based electrodes can be found in
Suss, M. E., et al. “Water desalination with energy storage
electrode materials.” Joule 2.1 (2018): 10-15, hereby incor-
porated by reference in its entirety.

According to some embodiments, the first electrode and/
or the second electrode has a specific nanopore volume of at
least about 0.1 mL./g. According to further embodiments, the
first electrode and/or the second electrode has a specific
nanopore volume of at least about 0.25 ml./g. According to
still further embodiments, the first electrode and/or the
second electrode has a specific nanopore volume of at least
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about 0.5 mL/g. In some related embodiments, the specific
nanopore volume is determined based on nitrogen absorp-
tion measurements.

In some embodiments, the first electrode and/or the sec-
ond electrode has a specific nanopore volume ranging from
about 0.1 mL./g to about 1 mL/g. In further embodiments, the
first electrode and/or the second electrode has a specific
nanopore volume ranging from about 0.25 mL/g to about
0.75 mL/g. In certain embodiments, the first electrode and/or
the second electrode has a specific nanopore volume of
about 0.5 mL/g. In some related embodiments, the specific
nanopore volume is determined based on nitrogen absorp-
tion measurements.

In some embodiments, the first electrode and/or the sec-
ond electrode has a surface area of above about 500 m*/g,
based on nitrogen absorption measurements. In further
embodiments, the first electrode and/or the second electrode
has a surface area of above about 1000 m*g, based on
nitrogen absorption measurements.

According to some currently preferred embodiments, the
first electrode operates as a cathode and the second electrode
operates as an anode. The second electrode contains nan-
oporous carbon which can be either pristine (i.e., not chemi-
cally modified) or can be modified, for example, by posi-
tively charged surface groups.

In some exemplary embodiments, the first electrode com-
prises activated carbon which is modified with sulfonate
surface groups and/or sulfate surface groups and the second
electrode comprises activated carbon, which is not chemi-
cally modified.

According to some embodiments, the first electrode com-
prises activated carbon which is modified with sulfonate
surface groups and/or sulfate surface groups and the second
electrode comprises activated carbon, which is modified by
positively charged surface groups. The positively charged
surface groups can be selected from the group consisting of
amine, amide, quaternary amine, ammonium, and combina-
tions thereof.

The method of the present invention comprises step (b),
which comprises charging the electrode capacitor assembly.
In certain embodiments, step (b) comprises applying electric
potential between the first and the second electrodes,
wherein said potential induces charging of the capacitor
electrode assembly.

According to some embodiments, the method further
comprises step (c) comprising discharging the electrode
capacitor assembly. In certain such embodiments, step (c)
comprises applying electric potential between the first and
the second electrodes, wherein said potential induces dis-
charging of the capacitor electrode assembly. According to
certain embodiments, step (c¢) comprises discharging the
electrode capacitor assembly at a voltage of about 0 V. In
some embodiments, steps (b) and (c) are performed for the
same duration of time.

According to the various aspects and embodiments of the
present invention, step (b) comprises charging the electrode
capacitor assembly for a scaled charging time of less than
about 2.

The term “scaled charging time”, as used herein, refers to
the duration of time during which the electrode capacitor
assembly is charged in step (b), wherein said time is
normalized by cell diffusion timescale. The term “cell dif-
fusion timescale’, as used herein refers to D/1,%, where D is
diffusivity of the monovalent ion at infinite dilution and 1, is
thickness of the first electrode.
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Accordingly, scaled charging time, t is:

QZZD/Zez, Equation (1)

where t is charging time.

Scaled charging time is a universal parameter, which
accounts for the specific parameters of the electrode capaci-
tor assembly (i.e., the first electrode thickness) and of the
ionic solution (i.e., monovalent ion diffusivity). The charg-
ing time t required for performing step (b) in order to
provide separation of the monovalent ions from the ionic
solution according to the principles of the present invention
can be easily calculated by a person skilled in the art based
on Equation (1), wherein the scaled charging time is pro-
vided in the various aspects and embodiments of the present
invention, the thickness of the first electrode can be mea-
sured and ion diffusivity values can be found, for example,
in Petr Vanysek: Tonic conductivity and diffusion at infinite
dilution, Handbook of Chemistry and Physics, CRC Press,
1992/93 edition. Boca Raton, 1992. pp. (5-111)-(5-113).

According to some embodiments, step (b) comprises
charging the electrode capacitor assembly for a scaled
charging time of less than about 1.5. According to further
embodiments, step (b) comprises charging the electrode
capacitor assembly for a scaled charging time of less than
about 1. According to further embodiments, step (b) com-
prises charging the electrode capacitor assembly for a scaled
charging time of less than about 0.5.

According to some embodiments, step (b) comprises
charging the electrode capacitor assembly for less than about
7.5 min. According to further embodiments, step (b) com-
prises charging the electrode capacitor assembly for less
than about 6 min. According to still further embodiments,
step (b) comprises charging the electrode capacitor assembly
for less than about 5 min. According to yet further embodi-
ments, step (b) comprises charging the electrode capacitor
assembly for less than about 4 min. According to still further
embodiments, step (b) comprises charging the electrode
capacitor assembly for less than about 3 min. According to
yet further embodiments, step (b) comprises charging the
electrode capacitor assembly for less than about 2 min.

According to various aspects and embodiments of the
present invention, step (b) comprises charging the electrode
capacitor assembly for a charge time of less than about 10%
of the time required to reach conductivity equilibrium. The
term “conductivity equilibrium™, as used herein, refers, in
some embodiments, to a state wherein conductivity of the
ionic solution, which passes through the electrode capacitor
assembly during step (b) remains unchanged. In other
words, the term “conductivity equilibrium” refers to a state
wherein the conductivity of the ionic solution, which passes
through the electrode capacitor assembly during step (b) is
equal at an inlet of the electrode capacitor assembly and at
an outlet thereof. Without wishing to being bound by theory
or mechanism of action, it is contemplated that the charging
times, which are significantly shorter than the time required
for reaching the conductivity equilibrium afford for the
monovalent selectivity of the present separation method.

According to some embodiments, step (b) comprises
charging the electrode capacitor assembly for a charge time
of less than about 5% of the time required to reach conduc-
tivity equilibrium. According to further embodiments, step
(b) comprises charging the electrode capacitor assembly for
a charge time of less than about 1% of the time required to
reach conductivity equilibrium.

The step of charging is referred to as a half cycle. The step
of discharging is also referred to as a half cycle. The step of
charging and subsequent discharging is referred to as a full
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cycle. The terms “full cycle time” or “FTC” refer to the time
required to perform said full cycle (i.e., both charging and
discharging). Typically, the charging time is equal to dis-
charging time. In certain such embodiments, if the charging
is performed, for example, for 3 minutes, the FCT is 6
minutes.

According to some embodiments, step (b) comprises
charging the electrode capacitor assembly for a full cycle
time of less than about 15 min. According to further embodi-
ments, step (b) comprises charging the electrode capacitor
assembly for a full cycle time of less than about 12 min.
According to still further embodiments, step (b) comprises
charging the electrode capacitor assembly for a full cycle
time of less than about 10 min. According to yet further
embodiments, step (b) comprises charging the electrode
capacitor assembly for a full cycle time of less than about 8
min. According to still further embodiments, step (b) com-
prises charging the electrode capacitor assembly for a full
cycle time of less than about 6 min. According to yet further
embodiments, step (b) comprises charging the electrode
capacitor assembly for a full cycle time of less than about 4
min.

In further embodiments, step (b) comprises charging the
electrode capacitor assembly at a voltage of above about
0.8V. In yet further embodiments, step (b) comprises charg-
ing the electrode capacitor assembly at a voltage of above
about 1V. In still further embodiments, step (b) comprises
charging the electrode capacitor assembly at a voltage of
above about 1.2V.

According to some embodiments, step (b) comprises
charging the electrode capacitor assembly at a voltage of at
least about 1.5 V. According to further embodiments, step
(b) comprises charging the electrode capacitor assembly at
a voltage of at least about 1.75 V. According to still further
embodiments, step (b) comprises charging the electrode
capacitor assembly at a voltage of at least about 2.0 V.
According to yet further embodiments, step (b) comprises
charging the electrode capacitor assembly at a voltage of at
least about 2.25 V. According to still further embodiments,
step (b) comprises charging the electrode capacitor assembly
at a voltage of at least about 2.5 V. According to yet further
embodiments, step (b) comprises charging the electrode
capacitor assembly at a voltage of at least about 2.75 V.

According to certain embodiments, step (b) comprises
charging the electrode capacitor assembly at a voltage of at
least about 0.8 V for a scaled charging time of less than
about 2. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.0 V for a scaled charging time of less than
about 2. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.2 V for a scaled charging time of less than
about 2. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.5 V for a scaled charging time of less than
about 2. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.75 V for a scaled charging time of less
than about 2. According to certain embodiments, step (b)
comprises charging the electrode capacitor assembly at a
voltage of at least about 2.0 V for a scaled charging time of
less than about 2. According to certain embodiments, step
(b) comprises charging the electrode capacitor assembly at
a voltage of at least about 2.25 V for a scaled charging time
of'less than about 2. According to certain embodiments, step
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(b) comprises charging the electrode capacitor assembly at
a voltage of at least about 2.5 V for a scaled charging time
of less than about 2.

According to certain embodiments, step (b) comprises
charging the electrode capacitor assembly at a voltage of at
least about 0.8 V for a scaled charging time of less than
about 0.5. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.0 V for a scaled charging time of less than
about 0.5. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.2 V for a scaled charging time of less than
about 0.5. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.5 V for a scaled charging time of less than
about 0.5. According to certain embodiments, step (b) com-
prises charging the electrode capacitor assembly at a voltage
of at least about 1.75 V for a scaled charging time of less
than about 0.5. According to certain embodiments, step (b)
comprises charging the electrode capacitor assembly at a
voltage of at least about 2.0 V for a scaled charging time of
less than about 0.5. According to certain embodiments, step
(b) comprises charging the electrode capacitor assembly at
a voltage of at least about 2.25 V for a scaled charging time
of less than about 0.5. According to certain embodiments,
step (b) comprises charging the electrode capacitor assembly
at a voltage of at least about 2.5 V for a scaled charging time
of less than about 0.5.

It should be understood that unless otherwise specified,
the values of potentials or voltage indicated throughout the
specification and in the claims refer to the potential of the
first electrode measured versus the second electrode, or to
the potential of the second electrode measured versus the
potential of the first electrode, for a single electrode capaci-
tor assembly. If the electrode capacitor assembly is config-
ured in a stack configuration, having multiple cells con-
nected in series or in parallel, the indicated potential or
voltage values refer to a single cell. The overall potential
applied to the entire stack can be calculated as known in the
art depending on how the cell are connected. The term
“cell”, as used herein, refers to the electrode capacitor
assembly comprising two electrodes and a flow channel
therebetween.

The method of the present invention comprises step (a),
which comprises passing the ionic solution comprising a
positively charged monovalent ion and a positively charged
polyvalent ion through the electrode capacitor assembly. The
ionic solution can be stored in a suitable reservoir, such as,
for example, feedwater tank (also termed herein “feed tank™)
and flown into the electrode capacitor assembly therefrom.
In some embodiments, the ionic solution is flown into the
electrode capacitor assembly from a reservoir in which the
ionic solution to be treated is naturally present.

In some embodiments, the electrode capacitor assembly
has an inlet and an outlet. In further embodiments, the ionic
solution enters the electrode capacitor assembly at the inlet
and exits the electrode capacitor assembly at the outlet
thereof.

According to some embodiments, the ionic solution is
first passed through the first electrode and then through the
second electrode.

According to some embodiments, steps (a) and (b) are
performed simultaneously. In certain such embodiments, the
ionic solution is passed through the electrode capacitor
assembly during the charging step. According to additional
embodiments, the ionic solution is passed through the elec-
trode capacitor assembly during the discharging step.
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According to some embodiments, the method comprises
continuous passing of the ionic solution through the elec-
trode capacitor assembly while the electric potential is
applied to the electrode capacitor assembly. The term “con-
tinuous”, as used herein, refers in some embodiments to a
constant flow rate at which the ionic solution is passed into
the electrode capacitor assembly.

According to some embodiments, step (a) comprises
passing the ionic solution with water productivity ranging
from about ranging from about 5 L/m? hr to about 500 L/m>
hr. In further embodiments, step (a) comprises passing the
ionic solution with water productivity ranging from about 10
L/m? hr to about 250 L/m* hr. According to still further
embodiments, step (a) comprises passing the ionic solution
with water productivity ranging from about 20 L/m* hr to
about 100 L/m? hr. The term “water productivity”, as used
herein, refers to the flow rate of the ionic solution divided by
cross-sectional electrode area through which the ionic solu-
tion passes.

According to some embodiments, step (a) comprises
passing the ionic solution at a flow rate ranging from about
0.1 mL/min to about 10 mL/min. In further embodiments,
step (a) comprises passing the ionic solution at a flow rate
ranging from about 0.25 ml/min to about 7.5 mLl/min.
According to still further embodiments, step (a) comprises
passing the ionic solution at a flow rate ranging from about
0.5 mL/min to about 5 ml/min. In certain embodiments,
step (a) comprises passing the ionic solution at a flow rate of
about 1 ml/min.

In additional embodiments, the term “‘continuous” refers
to recirculation of the ionic solution into the ionic solution
reservoir, following its flow from the capacitor electrode
assembly. The ionic solution can be recirculated two, three,
five, ten or more times.

In order to treat large volumes of the ionic solution and or
the provide the desired degree of separation of the monova-
lent ions from the ionic solution, steps (a) and (b) can be
repeated as many times as needed. According to some
embodiments, steps (a) and (b) are repeated for at least about
50 full cycles of charge and discharge. According to further
embodiments, steps (a) and (b) are repeated for at least about
100 full cycles of charge and discharge. According to still
further embodiments, steps (a) and (b) are repeated for at
least about 500 full cycles of charge and discharge. Accord-
ing to yet further embodiments, steps (a) and (b) are repeated
for at least about 1000 full cycles of charge and discharge.
According to still further embodiments, steps (a) and (b) are
repeated until conductivity of the ionic solution reaches
dynamic steady-state behavior. According to additional
embodiments, step (c) is repeated for at least 50, 100, 500,
or 1000 full cycles or until the conductivity of the ionic
solution reaches dynamic steady-state behavior.

The term “dynamic steady state”, as used herein, refers to
a state which is reached after multiple cycles of charge and
discharge, wherein the measured ion adsorption during a
first half cycle is equal to the ion desorption during a second
half cycle of the same full cycle.

According to some embodiments, the method further
comprises flushing the electrode capacitor assembly. With-
out wishing to being bound by theory or mechanism of
action, it is contemplated that the flush step further increases
charge efficiency, ion adsorption, and productivity of the
electrode capacitor assembly as compared to a method,
which does not include flushing.

According to some embodiments, the method is per-
formed without flushing the electrode capacitor assembly.
Without wishing to being bound by theory or mechanism of
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action, it is contemplated that the lack of the flush step
further reduces conductivity and sodium adsorption ratio
(SAR) of the ionic solution as compared to a method which
includes flushing.

The terms “flush”, “flushing”, and “flush step”, which can
be used interchangeably, refer to a step of passing the ionic
solution through the electrode capacitor assembly after each
half cycle (i.e., after charging (step (b)) and after discharging
(step (c)), wherein the electrode capacitor assembly is held
at a current of 0 Amp. According to some embodiments, the
flushing step is performed for a time period of from about 10
seconds to about 5 minutes. In further embodiments, the
flushing step is performed for a time period of from about 30
seconds to about 3 minutes. In some exemplary embodi-
ments, the flushing step is performed for about 1 min.

According to some embodiments, the flush step comprises
passing the ionic solution through the electrode capacitor
assembly with water productivity ranging from about 25
L/m? hr to about 2,500 L/m? hr. In further embodiments, the
flush step comprises passing the ionic solution through the
electrode capacitor assembly with water productivity rang-
ing from about 50 L/m? hr to about 500 L/m? hr.

According to some embodiments, the flush step comprises
passing the ionic solution through the electrode capacitor
assembly at a flow rate of from about 0.5 ml./min to about
50 ml/min. In further embodiments, the flush step com-
prises passing the ionic solution through the electrode
capacitor assembly at a flow rate of from about 1 m[./min to
about 10 mL/min. In some exemplary embodiments, the
flush step comprises passing the ionic solution through the
electrode capacitor assembly at a flow rate of about 5
ml/min.

The capacitor electrode assembly can be operated in a
single-pass charge mode, wherein the ionic stream which
exits the capacitor electrode assembly is stored in a separate
container and not recycled back to the feed tank. The
capacitor electrode assembly can be operated in a batch
mode, wherein the ionic stream which exits the capacitor
electrode assembly is recycled back to the feed tank. The
capacitor electrode assembly can be operated in multiple
passes mode, wherein the ionic stream which exits the
capacitor electrode assembly after conductivity of the ionic
solution reaches dynamic steady-state behavior is recycled
back to the feed tank and steps (a) and (b) are repeated.

In some embodiments, the ionic solution which can be
selectively deionized by the method of the invention
includes monovalent ions. In further embodiments, said
solution comprises polyvalent ions. In some embodiments,
the ionic solution of the present invention comprises ionic
species, which are selected from the group consisting of Li*,
Na*, K+, Mg2+, Ca2+’ Fe2+, Fe3+, CI'O42_, Pb2+, Hg2+, Cd2+,
In3+, Ru3+, Ru4+, Zn2+, C02+, CO3+, Pt2+, Pt4+, Au+, Au3+,
Ag*, Sn*, Sn**, Cu**, and combinations thereof. Each
possibility represents a separate embodiment of the inven-
tion.

According to some embodiments, the positively charged
monovalent ion is selected from the group consisting of:
Na*, Li*, K*, Au*, Ag*, Cu*, and combinations thereof.
According to some embodiments, the positively charged
polyvalent ion is selected from the group consisting of:
Ca2+’ Mg2+, Fe2+, Fe3+’ Pb2+, Hg2+, Cd2+, In3+, Ru3+, Ru4+,
Zn?*, Co?*, Co®*, Pt?*, Pt*, Au®*, Sn**, Sn®>*, Cu?*, and
combinations thereof. According to certain embodiments,
the positively charged monovalent ion is sodium ion (Na*)
and the positively charged polyvalent ion is calcium ion
(Ca**).
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In some embodiments, the ionic solution further com-
prises water or an organic solvent. In some exemplary
embodiments, the ionic solution is an aqueous solution. The
aqueous based solution can further include a buffer, osmo-
larity agent or ionic strength modifier.

In some embodiments, the ionic solution comprises glu-
cose.

In some embodiments, the ionic solution is organic based.
Non-limiting examples of suitable organic solvents include
propylene carbonate, propylene glycol, acetonitrile, tetrahy-
drofuran, diethyl carbonate, y-butyrolactone, and combina-
tions thereof.

The method of the present invention is particularly suit-
able for the treatment of agricultural water designated for
irrigation, as it allows to reduce the concentration of the
positively charged monovalent ions such as sodium ions,
while maintaining the desired concentration of the positively
charged polyvalent ions such as calcium ions.

In some embodiments, the at least one flow channel for
the passage of the solution separates the first and the second
electrodes. In some embodiments, the at least one flow
channel is formed by at least one of a separator, membrane,
gasket, spacer, and salt bridge.

The electrode capacitor assembly can further comprise a
first current collector and a second current collector. In
further embodiments, the first electrode is positioned
between the first current collector and the flow channel, and
the second electrode is positioned between the flow channel
and the second current collector.

The electrode capacitor assembly of the present invention
can be configured in various cell geometries, as known in the
art. In some embodiments, the electrode capacitor assembly
is operated in a flow-by mode, wherein the electrode capaci-
tor assembly is configured in a stack configuration, having
a spacer separating the electrodes, wherein the ionic solution
flows through the spacer in a horizontal manner, parallel to
the electrodes. In further embodiments, the first electrode is
positioned between said first current collector and the flow
channel, and the second electrode is positioned between the
flow channel and said second current collector.

In some embodiments, the electrode capacitor assembly is
operated in a flow-by mode utilizing flow-electrodes. In
such embodiments, the electrode capacitor assembly com-
prises at least two electrode channels, wherein each elec-
trode channel comprises a flowable carbon electrode in the
form of a suspension (slurry) and/or a fluidized bed elec-
trode. The at least two electrode channels are in ionic contact
with at least two ion-permeable membranes, which separate
the carbon electrodes from the ionic solution flowing
through the flow channel. Each flowable carbon electrode
flows through the electrode channel, which separate the
membranes from the respective current collectors.

In some embodiments, the electrode capacitor assembly is
operated in a flow-through mode, wherein the ionic solution
flows into the flow channel directly through the electrodes,
wherein the flow channel is configured orthogonally to the
electrodes. In certain such embodiments, the ionic solution
flows through the interconnected pores of the porous carbon
electrodes. As used herein, the term “interconnected pores”
refers to a nanoporous carbon material having an open
porosity, wherein the pores of the material are connected,
thus enabling the passage of a fluid from the bulk to the
internal volume of the pores within the carbon material.

According to some embodiments, the electrode capacitor
assembly of the present invention as presented herein above
is in electrical communication with a power supply, wherein
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during operation said power supply is configured to apply
electrical potential or to draw or supply charge to the first
and the second electrodes.

Reference is now made to FIG. 1A, which schematically
represents a cross-sectional view of capacitor electrode
assembly 101, for use in the method of selective separation
of ionic species, according to some embodiments of the
invention. Capacitor electrode assembly 101 includes first
electrode (cathode) 103, which contains nanoporous carbon
modified with sulfonate surface groups. Capacitor electrode
assembly 101 further includes second electrode (anode) 105,
which contains carbon, which can be pristine or modified
with positively charged surface groups. Capacitor electrode
assembly 101 further includes flow channel 107 disposed
between first electrode 103 and second electrode 105. First
electrode 103 and second electrode 105 are connected to
power supply 109.

Electrode capacitor assembly 101 is operated in a flow-
through mode, wherein ionic solution 111 containing posi-
tively charged polyvalent ions (Ca**) and positively charged
monovalent ions (Na*) enters capacitor electrode assembly
101 through first electrode 103, flows through flow channel
107 and exits capacitor electrode assembly 101 through
second electrode 105, wherein the flow is configured
orthogonally to the electrodes surface plane.

Reference is now made to FIG. 1B, which schematically
represents the cross-sectional view of the nanopore 103a of
first electrode 103 of electrode capacitor assembly 101, as
presented in FIG. 1A, according to some embodiments of
the invention. Nanopore 1034 contains carbon modified with
sulfonate surface groups, thereby having negative chemical
concentration and being negatively charged. Due to the
stable negative surface charge of nanopore 1034 and opera-
tional conditions of electrode capacitor assembly 101 as
detailed hereinabove, including short charge times and high
charge voltages, adsorption of the Na* ions within nanopore
103a is enhanced as compared to the adsorption of Ca®*
ions.

According to some embodiments, the electrode capacitor
assembly is incorporated within an agricultural irrigation
water treatment system. In some embodiments, said system
is configured in a form of Capacitive Deionization (CDI)
system or a Membrane Capacitive Deionization System
(MCDI). The CDI and/or MCDI systems can further be used
in additional applications, including, inter alia, brackish
water desalination system, water softening, wastewater
treatment, and organic stream remediation. The method of
the present invention can therefore be used to selectively
separate ions in ionic solutions intended for agricultural or
consumer purposes. Selective removal of specific ion spe-
cies afforded by the method of the present invention further
simplifies and increases efficiency of the capacitive deion-
ization process for water treatment.

In some embodiments, the system is a membraneless CDI.
In some related embodiments, the system comprises an
electrode capacitor assembly comprising a first electrode
and a second electrode electronically isolated by a separator,
and two current collectors which contact the posterior side
of each electrode. In further embodiments, the current
collectors are designed to allow passage of the ionic solution
therethrough, e.g., by containing through holes. The elec-
trode capacitor assembly can be enclosed within an electri-
cally insulating casing having an inlet and an outlet for the
flow of the ionic solution, being in fluid flow connection
with the current collectors. The electrode capacitor assembly
can further include one or more gaskets in order to provide
sealing. Schematic representation of the electrode capacitor
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assembly of the membraneless CDI system is shown in FIG.
1C. The system can further include a feed tank, a pump, and
a power supply. The combination of the simple design of the
CDI and the easy to implement method of the present
invention provide a cost- and energy-efficient solution for
water treatment applications in which selective separation of
monovalent ionic species is required.

In some embodiments, the flow channel comprises at least
two ion-permeable membranes. The term “Membrane
Capacitive Deionization” or “MCDI” as used herein refers
to a modified form of CDI, which employ the utilization of
at least two ion exchange membranes, which separate the
electrodes from the ionic solution, and enable the passage of
ions having specific charge from the solution to the elec-
trode.

In further embodiments, the CDI and or MCDI system
further comprises a feed tank, a feed pump, treated solution
tank, and/or a waste tank. The pump is configured to induce
the flow of the ionic solution from the feed tank into the
electrode capacitor assembly, and from the electrode capaci-
tor assembly into the treated solution tank or to the feed tank.

As used herein and in the appended claims the singular
forms “a”, “an,” and “the” include plural references unless
the content clearly dictates otherwise. It should be noted that
the term “and” or the term “or” is generally employed in its
sense including “and/or” unless the content clearly dictates
otherwise. Throughout the description and claims of this
specification, the words “comprise” and “contain” and varia-
tions of the words, for example “comprising” and “com-
prises”, mean “including but not limited to”, and are not
intended to (and do not) exclude other moieties, additives,
components, integers or steps.

As used herein, the term “about”, when referring to a
measurable value such as an amount, a temporal duration,
and the like, is meant to encompass variations of +/-15%,
preferably +/-10%, more preferably +/-5%, even more
preferably +/-1%, and still more preferably +/-0.1% from
the specified value, as such variations are appropriate to
perform the disclosed methods.

As used herein, the term “multiple”, means more than
one, such as, but not limited to, two, three, five, ten, fifty,
hundred, or more.

The following examples are presented in order to more
fully illustrate some embodiments of the invention. They
should, in no way be construed, however, as limiting the
broad scope of the invention. One skilled in the art can
readily devise many variations and modifications of the
principles disclosed herein without departing from the scope
of the invention.

EXAMPLES
Example 1—Flectrode Preparation

The pristine electrode material used was activated carbon
cloth (ACC-5092-15, Kynol Europa GmbH, Germany) with
~600 pm thickness and ~1400 m*/g surface area, with the
latter determined from N, gas sorption and BET analysis.
This material was characterized in several previous CDI
works, e.g., in Guyes, E. N.; Malka, T.; Suss, M. E.
Enhancing the lon-Size-Based Selectivity of Capacitive
Deionization Electrodes. Environ. Sci. Technol. 2019, 53,
8447-8454. The pristine electrode material was used as a
starting material for the preparation of the sulfonated elec-
trodes, as well as for comparison purposes.

The sulfonated electrode material was prepared as fol-
lows. Pristine carbon cloth weighing about 4 g was inserted
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into a flask containing at least 28 mL of 20% sulfuric acid
(H,S0,). The flask was then closed with a stopper. After 24
hours, the cloth was removed from the flask and soaked with
an excess of hexane for 5-10 minutes. The cloth was then
transferred to a beaker with deionized water at 0° C. and
soaked for 5-10 minutes. The cloth was then soaked in
deionized (DI) water at room temperature three times, each
time for 30 minutes, then dried in air at 80° C. for 12 hours.
The pristine and sulfonated materials were cut into elec-
trode squares with a cross-sectional area of 6.25 cm?. All
electrodes were rinsed with deionized (DI) water (18.2 MQ,
Synergy Water Purification System, Merck Millipore
KGaA), dried at 80° C. for 3 hr, then immediately weighed,
as the carbon is hygroscopic. The specific nanopore volume
of the pristine and sulfonated materials is approximately
0.53 and 0.51 mI/g, respectively, as determined from the N,

adsorption data (FIGS. 2A-2B).

Example 2—FElectrode Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

The pristine and sulfonated materials were characterized
with FTIR to characterize functional group bonds. Potas-
sium bromide (KBr) is dried in a furnace before usage, then
about 400 mg is taken and ground into powder before
mixing with about 0.05 mg of electrode. Approximately 150
mg of the well-mixed powder is transferred to a KBr pellet
die and pressed with 5 tons of force for about 1 minute. The
prepared KBr pellet is then tested with FTIR (Bruker Tensor
27, Bruker Corporation, USA) using the transmission mode.
Raw data is smoothed, baseline-calibrated and normalized
with the peak at 804 cm™.

Transmission Fourier Transform Infrared (FTIR) spectra
of the pristine and sulfonated electrode materials are shown
in FIG. 3. The sulfonated electrode spectrum displays dis-
tinctive peaks at 1162 and 1157 em™, corresponding to the
R-SO;~ group, and multiple peaks in the band 1315-1220
cm™?, corresponding to the RO-SO,~ group, thus confirming
the presence of sulfonic functional groups on the electrode
surface.

Titrations

Electrode material with mass 0.2 g was ground to a
powder and added to a vessel containing 35 mL of 0.05 M
NaOH and 35 ml of 18.2 MQ DI water (Synergy Water
Purification System, Merck Millipore, USA). The solution
was bubbled with N, gas under stirring for 20 minutes, then
sealed and equilibrated under stirring for 24 hours. The
solution was then transferred to a closed vessel in the
titration system (iAquatrode Plus and 904 Titrando, Met-
rohm AG, Switzerland) and bubbled with N, for an addi-
tional 16 minutes. The nitrogen flow was then reduced to one
bubble every several seconds to prevent air intrusion in the
vessel. The solution was stirred for 4 minutes, then auto-
matically titrated with 70 mL of 0.05 M HCI with a signal
drift of 0.5 mV/min. A blank sample without electrode was
titrated in the same manner without the initial 20-minute
bubbling and 24 hr equilibration steps. The titration curves
are shown in FIGS. 4A-4B.

The nanopore chemical surface charge, o,.,,, Which is
shown in FIG. 4C, was determined by fitting experimental
results of the direct titrations of the carbon material
immersed in a strong basic solution. Results show that the
pristine material is mildly charged with a significant pH
dependence of the measured chemical charge, indicating the
presence of uniquely weak acidic and basic functional
groups. By contrast, the sulfonated electrode is strongly
negatively charged with negative chemical surface charges
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of between about —1.25 to -2.5 M for the entire pH range
tested, indicating significant strong acid behavior. Thus,
sulfonated electrodes possess high negative nanopore
chemical surface charges, o regardless of local cell pH
environment.

chem™

Example 3—CDI Cell Preparation

The custom-built flow-through electrodes (FTE) CDI cell
consisted of two electrodes electronically isolated by a
separator (Whatman 2 cellulose filter paper, GE Life Sci-
ences, 2.7 cmx2.7 cm, ~190 um thickness). Graphite current
collectors (FC-GR, Graphitestore.com) contact the posterior
side of each electrode. A 9x9 grid of 1.5 mm diameter holes
was milled into each collector to allow water passage. The
cell is enclosed on both sides with milled PVDF blocks,
which each contain one fluid flow line and a vent line for air
removal. A funnel was cut into the downstream-side block to
facilitate water flow toward the fluid line. Compressible,
laser-cut ePTFE gaskets (Gore-Tex NSG16X-GP, W. L.
Gore & Associates, ~1.4 mm uncompressed thickness) pro-
vide sealing. The cell is assembled and closed with stainless
steel bolts. The internal cell volume is approximately 1 mL.
A cell schematic is given in FIG. 1C.

Example 4—CDI Cell Characterization Methods

Electronic Impedance Spectroscopy (EIS)

Determination of the separator resistance R, the external
electronic resistance Rz, and the series resistance R were
determined from a method based on Hawks et al. and used
as simulation parameters (Hawks, S. A.; Ramachandran, A.;
Porada, S.; Campbell, P. G.; Suss, M. E.; Biesheuvel, P. M.;
Santiago, J. G.; Stadermann, M. Performance Metrics for the
Objective Assessment of Capacitive Deionization Systems.
Water Res. 2019, 152, 126-137). EIS spectra were taken
over the frequency range 700 kHz to 40 mHz in the CDI cell
with a potentiostat (Reference 3000, Gamry, USA). A two-
point configuration was used, where the cathode was con-
nected to the counter and reference wires and the anode was
connected to the working and working sense wires. Both P-P
and S-P configurations were evaluated, and feed solution
was flowed through the cell at 1 mI./min. Spectra were taken
with different separator thicknesses, achieved by stacking
1-4 separators together. The minimum Re(Z) on each spec-
trum is the point of minimum phase angle, which was treated
as R..

Example 5—CDI Cell Operation

The CDI experimental setup consisted of a 0.5 L glass
bottle that served as the feedwater reservoir, a peristaltic
pump (Mastertlex 07551-30, Cole-Parmer, USA), the CDI
cell, a conductivity sensor (Tracedec 390-70, Innovative
Sensor Technologies GmbH, Austria), and a voltage source
(2400 Source Meter, Keithley Instruments, USA), the latter
of which was connected to the cell current collectors. The
pump, cell, and conductivity sensor were connected via
flexible tubing. Feedwater was drawn from the reservoir and
first passed through the cell, then through the conductivity
sensor. The cell was oriented so that water first passed
through the cathode (electrode at negative potential) and
then the anode (positive potential). The voltage source and
pump were remotely controlled with a Matlab script. Cur-
rent and voltage data were collected in Matlab, and conduc-
tivity data were recorded in the conductivity sensor soft-
ware.
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Feedwater comprising 0.5 mM CaCl,) and 14 mM NaCl
was prepared with CaCl, (>96%, Fisher Scientific UK),
NaCl (>99.5%, SDFCL, India) and DI water. Prior to
experiments, N, gas was bubbled at a high rate in a glass
reservoir containing 0.5 L of feedwater for 20 minutes to
remove dissolved oxygen, then maintained at a lower rate
for the duration of the experiment. The feedwater was then
pumped through the system at a flow rate of 1 mL/min and
the cell was discharged at 0 V until the current was negli-
gible (<10.11 mA in the S-P cell or <10.011 mA in the P-P cell)
in order to equilibrate the electrodes with the feedwater
before beginning the experiment.

Experiments were carried out under the general frame-
work described by Hawks, and performance metrics and
indicators are reported according to the definitions therein.
In each experiment, the cell was charged at a constant
voltage (0.4-2.5 V) and discharged at O V in repeated cycling
with a 1 mL/min feedwater flow rate. Each cycle lasted for
a full-cycle time (FCT) of 6-30 min, which was divided
equally into charge and discharge steps. Conditioning cycles
were carried out until the cell reached the limit cycle, which
is the cycle where the conductivity curve reaches dynamic
steady-state behavior. Desalinated effluent was then col-
lected for the limit cycle while the effluent conductivity was
lower than the feedwater conductivity, and water with con-
ductivity above the feed value was discarded to a waste
container. For FCT 6 min, the limit cycle and the two
following cycles were collected together in the same manner
in order to accumulate enough liquid for post-CDI analysis.
Each collected sample was weighed to calculate its volume
assuming a liquid density of 1 g/mL.

Example 6—Post-CDI Analysis

Sample Conductivity and pH Determinations

To measure conductivity, each desalinated water sample
was pumped through the conductivity sensor at a 1 mL/min
flow rate until the reading stabilized (~3 min). During the
first 1.8 minutes of the measurement, the solution exiting the
sensor was discarded. After this interval, the measured
conductivity was within 2% of the stabilized reading, and
the solution exiting the sensor was recovered and mixed
with the sample. This recovery was necessary to ensure
enough sample was available for the subsequent pH and
Ca?" measurements, and its effect on measurements was
found to be negligible. Recovery was not performed for
experiments with 30 min FCT. The sensor and tubing were
flushed with DI water between measurements. The sensor
was calibrated with KC1 1.41 mS/cm standard (1.01203,
Merck) at a 1 mL/min flow rate.

The pH of each sample was measured with the pH
electrode and module (iAquatrode Plus and 904 Titrando,
Metrohm AG, Switzerland) under stirring with a drift crite-
rion of 1 mV/min. These measurements were always carried
out after conductivity measurements so as not to artificially
increase the sample conductivity with the pH sensor filling
electrolyte (KCI 3 M). The electrode was thoroughly rinsed
with DI water between measurements and was calibrated
with standard Metrohm buffers of pH 4, 7, and 9.

Ca®* and Na* Concentration Determinations

The Ca®* concentrations were measured via standard
addition. 5 mL of sample and 10 mL of KCl 1 M ionic
strength adjuster (ISA) were pipetted into a glass beaker.
The Ca®* ion-selective electrode (6.0510.100, Metrohm)
was immersed in the resulting solution, and CaCl,) 0.1 M
standard (21059, Sigma-Aldrich, USA) was manually
pipetted in increments of 0.1, 0.2, and 0.5 mL. A drift
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criterion of 1 mV/min was used for each increment. The
sample concentration was back-calculated to account for the
initial dilution with ISA. Before each measurement, the
ion-selective electrode was rinsed for at least 30 s in DI
water, which was regularly replaced. Each measurement was
performed at constant temperature (~25° C.).

The Na* concentrations were calculated via:

k=2c. 2+ Acacr, — 1007 PFAY, Equation (2)

Awact

Cat (mM) =

where ¢z is the sample Ca®* concentration and pH is the
sample pH. The equivalent conductivities Ac,c,=115.59
mS/cm/mM and A,,=115.7 mS/cm/mM are values at 20
mM ionic strength, while A;+°=349.65 mS/cm/mM is at
infinite dilution.

Example 7—CDI Experiments Analysis

The experimental performance of the CDI cell with
pristine cathode (P-P cell) or sulfonated cathode (S-P cell)
was evaluated, wherein the S-P cell contains a high concen-
tration of negatively charged sulfonic groups. All experi-
ments involved equally long charging and discharging steps,
a feed conductivity of 1.75 mS/cm, and a feed SAR=20 (14
mM NaCl and 0.5 mM CaCl,)), and are from the limit cycle,
i.e., the cycle at which the conductivity profile reaches a
dynamic steady state. FIG. 5A depicts the measured Na*
separation factor, BCa2+N“+, vs. charging voltage, V_,, for a
discharge voltage of 0 V and for full cycle times (FCTs) of
6, 15, and 30 min, which have charging steps corresponding
respectively to t of 0.67, 1.67, and 3.33, wherein t is the
scaled charging time:

T= Dy [, Equation (3)

.+ is the Na* ion diffusivity at
infinite dilution. The results at 15 and 30 min FCT are very
similar for P-P and S-P cells, with a strong Ca®* preference
for all charging times. For example, at 30 min FCT and 0.4
V, Be2¥'=0.1 in the P-P cell, and at 1.2 V it rises to 0.49.
However, the two cells exhibit significantly different trends
at 6 min FCT. The P-P cell separation factor ranges between
0.49 at 0.4 V and 0.85 at 1.2 V, whereas in the S-P cell the
increase is much sharper, from 0.25 at 0.4 V to 0.96 at 1.2
V. This latter result indicates that the sulfonated cathode
enables stronger divalent selectivity at low V_,, yet stronger
monovalent selectivity at high V_, relative to a pristine
cathode. Without wising to being bound by theory or mecha-
nism of action, it is contemplated that these results are due
to distinct differences in Ca®* adsorption, as in the P-P cell,
Ca®* removal depends strongly on V ,,, while Ca®* removal
in the S-P cell is nearly independent of V_, (FIGS. 6A-6D).

The sodium adsorption ratio is defined as:

where t is time and D+

Equation (4)

SAR = cNa+/ ,ccapr +cMgz+ s

where the concentrations of Na*, Ca**, and Mg®* are in
units of mM. In this work, C,,»=0 and so SAR=
CNa+/\/@. The effects of V., FCT, and cell type on
effluent conductivity and SAR are shown in FIGS. 5B-5D,
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with dashed horizontal and vertical lines representing the
feed conditions. At the longest FCT of 30 min, FIG. 5B
shows that, for both the P-P and S-P cells, higher V_,
typically decreases conductivity but increases SAR above its
feed value by several units. In FIG. 5C for the FCT of 15
min, both cells deliver a reduction in conductivity as com-
pared to the feed, but the output SAR remains at or above the
feed value at all tested conditions. By contrast, the FCT of
6 min is sufficiently short to selectivity store Na* and reduce
SAR below the feed value. FIG. 5D displays the trends of
heightened reductions of SAR and conductivity with
increasing V_,, at this FCT, for the P-P cell culminating at 1.2
V with output values of 17.3 and 1.22 mS/cm, respectively.
The S-P cell displays the same trend, but achieves improved
performance with an output value of 16.0 with a conduc-
tivity of 1.12 mS/cm at 1.2 V. These findings demonstrate
the benefit of using a sulfonated cathode for enhancing
monovalent selectivity.

Due to the promising results obtained with short cycle
times as presented in FIGS. 5A-6D, the inventors have
explored extending the charging voltage window to further
reduce SAR and conductivity of the treated water. Without
wishing to being bound by theory or mechanism of action,
it is contemplated that electrode degradation is largely
absent at such short cycle times, therefore allowing to raise
the cell voltage. FIG. 7A shows that increasing V, to 1.5, 2,
and 2.5 V with a 6 min FCT in the S-P cell culminated in a
SAR of 14 and conductivity of 0.81 mS/cm at 2.5 V, a
decrease of 6 SAR units and a ~54% conductivity reduction
from the feed solution. Furthermore, a 2”4 pass of product
water from the 1.2 V and 6 min FCT experiment resulted in
an even lower SAR of 13.3 and conductivity of 0.69 mS/cm,
also shown in FIG. 7A.

Incorporating a flush step into the CDI cycle was also
explored, where the flush step occurs after each half cycle
while the cell is held at zero current, in order to prevent
resalination of the product water and desalination of the
brine. Each flush step lasted for 1 min, during which the flow
rate was raised to 5 mL/min. FIG. 7A shows that flushing
increases SAR significantly, but still results in a net reduc-
tion from the feed conditions at 2.5 V. The flush step
increases product water conductivity relative to no-flush
operation, as some feed water is flushed into the product
water. This served to raise productivity from ~46 L/hr/m*
without flushing to ~93 L/hr/m? with flushing. It should be
noted that the productivity only depends on the type of flush
operation in this work, as the cell geometry and charge/
discharge flow rate were uniform for all FCT, V_,, and
electrode configurations.

To evaluate further the strategy of extended voltage
windowing, FIG. 7B shows the measured Coulombic and
charge efficiencies from the experiments in FIG. 7A. Cou-
lombic efficiency is an indicator of the magnitude of charge
lost to Faradaic side-reactions, and is defined as 1_,,,,=Iq,;./
d.x!. where q_, is the electric charge transferred between the
electrodes during the charge step and q ;. is the charge stored
in the electrodes and subsequently released during the
discharge step. Coulombic efficiencies of approximately
100% imply that side reactions are nearly absent, while
lower values reveal that significant charge was lost to side
reactions, and that likely degradation of the electrodes
occurred during cycling. FIG. 7A shows that Coulombic
efficiency differs by no more than 5% between the flush and
no flush modes for each V_,. Furthermore, the Coulombic
efficiency is greater than 93% up to 2 V. At 2.5 V, the drop
in Coulombic efficiency to 85% (flush) and 88% (no flush)
indicates that this value of V_, may be less suitable for
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long-term CDI operation. FIG. 7B also shows the flush step
greatly increases the charge efficiency relative to the no-
flush mode. Charge efficiency for this system is

Agyete=M(Dn 20 20/ Fq gy Equation (5)

cycle

where F is the Faraday constant and indicates the ratio of
ion moles removed to moles of charged stored in the
electrodes (calculated from g, because part of q_, may be
lost to faradaic reactions). Charge efficiencies near 100%
mean that nearly all stored charge removes ions from water,
while lower values signify that a substantial amount of
charge liberates ions from the electrodes to the feed, hin-
dering desalination. The low charge efficiencies of 40-50%
in the no-flush experiments result from re-salinization of the
desalted water present in the cell immediately after charging.
It can be summarized that incorporating a flush step led to
improvements in charge efficiency, ion adsorption, and pro-
ductivity, but the output water quality was lowered for
irrigation in terms of conductivity and SAR.

FIG. 8A shows the energy consumption per unit product
water, E, for the results shown in FIG. 3 and FIG. 4
(excluding the 2" pass results). Energy consumption
increases by several orders of magnitude, from ~0.01-0.1
kWh/m? at separation factors of order 0.1, to ~0.3 kWh/m?>
for separation factors of ~1. These values were contextual-
ized relative to resistive losses per unit product water,
approximated via

Eypesise  {I*)- FCT-R, [V, Equation (6)

where <I>>=(1/FCT)|,12dt is the time-averaged
squared current over a full charge-discharge cycle and R is
the series resistance for one separator layer, determined from
electrode impedance spectroscopy (EIS) measurements. The
inset in FIG. 8A reveals that series resistive losses are a
significant fraction of overall energy input, yet the lowest
losses occur at highest separation factors in the S-P cell.
Returning to the main plot of FIG. 8A, the S-P cell tends to
acidify the output water to a greater degree than the P-P cell
as evidenced by the color of each marker, particularly at
separation factors greater than ~0.7. Separation factors
around 1 are achieved at high voltages and short cycle times
(in FIG. 7A), which result in the most favorable SAR and
conductivity outputs as seen in FIG. 7B. Thus there is a
trade-off between the degree of Na* selectivity and the
output water pH. For example, at the highest achieved
separation factor of 0.96, the output pH is reduced to 5.1
from a feed value of ~7, even with a Coulombic efficiency
of 97.5% (1.2 V, 6 min FCT, S-P cell).

FIG. 8B displays the thermodynamic energy efficiency of
the results shown in FIG. 8A. Thermodynamic efficiency is
calculated by dividing E, by the minimum thermodynamic
desalination energy,

Equation (7)

cray (Coa)_ o fcoi
e ) ()

where i is over NaCl and CaCl,), the van't Hoff factors v,
are 2 for NaCl and 3 for CaCl,), the subscripts F, B, and P
represent feed, brine, and product, respectively, and the
water recovery is WR=v p/v. The water recovery is assumed
to be WR=0.5 for all calculations. FIG. 8B shows that
thermodynamic efficiency generally decreases with increas-
ing separation factor. This result is expected, since the
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processes that result in higher Na™ selectivity have higher
average salt removal rates and thus depart further from
thermodynamic equilibrium. FIG. 8B further reveals that
thermodynamic efficiency is generally higher for the S-P
cell. It should be emphasized that values reported in FIG. 5§
for energy consumption and thermodynamic efficiency are
for zero energy recovery since discharge occurs at 0 V, and
for a largely unoptimized cell. Significantly lower energy
input could be obtained with energy recovery and additional
cell optimization.

Returning to the results of FIG. 7A, the significant SAR
and conductivity reductions at 1.2 V and 6 min FCT in the
S-P cell (without flushing) are accompanied by a coulombic
efficiency above 97%, and the relatively insignificant fara-
daic losses suggest that the electrodes are stable under
long-term cycling at these conditions. A 1000-cycle experi-
ment at these conditions, and FIG. 6 surprisingly show that
output SAR continually improves during cycling, from 17.7
at the limit cycle to 15.8 at the end of the experiment.
Without wishing to being bound by theory or mechanism of
action, it is contemplated that this improvement is due to a
drastic reduction in Ca** adsorption from 2.6 to 1.1 umol/g,
whereas Na* adsorption only modestly decreases from 65 to
55 umol/g. Together, these results increase the Nat separa-
tion factor from 0.83 to 1.6. The right-side axis of FIG. 9
reveals coulombic efficiency remains between 96-98% after
dynamic steady-state behavior is reached. It has therefore
been shown that the CDI system is not only stable at the
given conditions, but the output water quality actually
improves with repeated cycling.

It is appreciated by persons skilled in the art that the
present invention is not limited by what has been particu-
larly shown and described hereinabove. Rather the scope of
the present invention includes both combinations and sub-
combinations of various features described hereinabove as
well as variations and modifications. Therefore, the inven-
tion is not to be constructed as restricted to the particularly
described embodiments, and the scope and concept of the
invention will be more readily understood by references to
the claims, which follow.

The invention claimed is:

1. A method for selective separation of monovalent ionic
species from an ionic solution, the method comprising:

(a) passing the ionic solution comprising a positively
charged monovalent ion and a positively charged poly-
valent ion, through an electrode capacitor assembly
comprising:

a first electrode and a second electrode, said electrodes
comprising nanoporous carbon, wherein the first
electrode is modified with sulfonate surface groups;
and at least one flow channel for the passage of the
ionic solution; and

(b) charging the electrode capacitor assembly:

(1) at a voltage of at least about 2.0 V; and

(2) for a scaled charging time of less than about 0.5,
thereby providing enhanced adsorption of the posi-
tively charged monovalent ion in the first electrode
as compared to the adsorption of the positively
charged polyvalent ion.

2. The method according to claim 1, wherein step (b)
comprises charging the electrode capacitor assembly:

(1) at a voltage of at least about 2.25 V; and

(2) for a scaled charging time of less than about 0.5.

3. The method according to claim 1, wherein step (b)
comprises charging the electrode capacitor assembly:

(1) at a voltage of at least about 2.5 V; and

(2) for a scaled charging time of less than about 0.5.
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4. The method according to claim 1, further comprising
step (¢) comprising discharging the electrode capacitor
assembly at a voltage of about 0 V.

5. The method according to claim 1, wherein steps (a) and
(b) are repeated for at least about 1000 cycles or until
conductivity of the ionic solution reaches dynamic steady-
state behavior.

6. The method according to claim 5, wherein the method
is performed without flushing the electrode capacitor assem-
bly.

7. The method according to claim 5, wherein the method
further comprises flushing the electrode capacitor assembly.

8. The method according to claim 1, wherein step (a)
comprises passing the ionic solution with water productivity
ranging from about 5 to about 500 L/m> hr.

9. The method according to claim 1, wherein the first
electrode is further modified with sulfate surface groups.

10. The method according to claim 1, wherein the first
electrode comprises a negatively charged negative chemical
concentration surface charges of between about -1.25 to
-2.5 M at a pH range between about 3 and 10.

11. The method according to claim 1, wherein the first
electrode has a specific nanopore volume of at least about
0.25 ml/g and/or a mean pore diameter ranging from about
0.5 to about 2 nm.

12. The method according to claim 1, wherein the nan-
oporous carbon is selected from the group consisting of
activated carbon, carbon black, graphitic carbon, carbon
fibers, carbon microfibers, carbon aerogel, fullerenic carbon,
carbon nanotubes (CNTs), graphene, carbide, carbon onions,
carbon paper, and any combination thereof.

13. The method according to claim 1, wherein the first
electrode comprises activated carbon which is modified with
sulfonate surface groups and sulfate surface groups and the
second electrode comprises activated carbon, which is not
chemically modified.

14. The method according to claim 1, wherein the posi-
tively charged monovalent ion is selected from the group
consisting of: Na*, Li*, K*, Au*, Ag*, and Cut, and the
positively charged polyvalent ion is selected from the group
consisting of: Ca®*, Mg**, Fe**, Fe**, Pb**, Hg**, Cd**,
In3+, Ru3+, Ru4+, Zn2+, C02+, C03+, Pt2+, Pt4+, Au3+, Sn4+,
Sn**, and Cu®*.

15. The method according to claim 1, wherein the at least
one flow channel is formed by at least one of a separator,
membrane, gasket, spacer, and salt bridge, and/or wherein
the electrode capacitor assembly further comprises a first
current collector and a second current collector, wherein the
first electrode is positioned between the first current collec-
tor and the at least one flow channel, and the second
electrode is positioned between the at least one flow channel
and the second current collector.

16. The method according to claim 13, wherein the first
electrode, the second electrode, or both comprise a flowable
nanoporous carbon electrode in the form of a suspension
and/or a fluidized bed electrode.

17. The method according to claim 1, wherein the ionic
solution flows into the at least one flow channel directly
through the first electrode, wherein the flow within the at
least one flow channel is configured orthogonally to an
electrode surface plane.

18. The method according to claim 1, wherein the elec-
trode capacitor assembly is a part of an agricultural irriga-
tion system, wastewater treatment system, brackish water
desalination system or chemical reactor.

19. The method according to claim 18, wherein the
brackish water desalination system is configured in a form of
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a Capacitive Deionization (CDI) system or a Membrane
Capacitive Deionization System (MCDI).

#* #* #* #* #*

30



